The surface modification of magnesium by laser alloying using a powder injection method was carried out for the purpose of improving its wear resistance. Silicon powder was used as the feeding powder. The applied CO 2 laser power conditions were 2 kW-1pass and 2 kW-2pass, while the moving speed of the substrate was 8.3 mmÁs À1 in all the cases. The silicon powder reacts easily with molten magnesium to form fine Mg 2 Si compound in the modified layer. Under both laser power conditions of 2 kW-1pass and 2 kW-2pass, the modified layer becomes thick as the powder feeding rate increases, and the modified layer obtained using 2 kW-2pass is thicker than that of 2 kW-1pass at all powder feeding rates. Furthermore, fine and homogeneously distributed Mg 2 Si compound crystallizes on the whole modified layer in the 2 kW-2pass. At the laser power condition of 2 kW-1pass, the area fraction of Mg 2 Si compound increases with an increase in the powder feeding rate, while at 2 kW2pass, the area fraction of Mg 2 Si compound is almost the same regardless of the powder feeding rate. Wear resistance of the modified layer improves with increasing area fraction of Mg 2 Si compound held in the soft matrix of magnesium solid solution, while there is almost no wear of the pin. Coefficient of friction rapidly decreases within a few minutes and then remains virtually constant during sliding wear test. Microstructure of the wear-tested surface reveals that the soft substrate of magnesium is worn by pin at the initial stage and pits which subsequently serve as oil pockets are developed, resulting in the remarkable improvement of wear resistance.
Introduction
Recently, global warming is posing a serious environmental problem and the main cause is CO 2 and NO x gases, which are contained in exhaust gases from automobiles. Therefore, it has become indispensable to control emission of CO 2 and NO x gases. Weight reduction of automobiles has been recognized as an improvement step and approximately 5% fuel economy improvement can be expected with 10% weight reduction.
1) The use of lightweight magnesium alloys can be effective 2) due to their high specific strength and good recyclability. However, they can only be used in relatively mild environments like automobile interiors 3) because magnesium has inferior corrosion resistance, poor heat resistance, and inadequate wear resistance compared to other metallic materials. Thus, an improvement of the mechanical properties of magnesium alloys and the creation of additional functions for magnesium will be required for wider automobile applications. Consequently, vigorous research and development of heat resistant magnesium alloys, 4) magnesium based hydrogen absorbing alloys 5, 6) and other new magnesium alloys are being carried out. However, there is not much research on surface modification aiming at the wear resistant improvement of magnesium. Therefore, the development of adequate surface modification for components that can withstand severe environment such as engine block, piston, etc is important. Although there are various methods of surface modification, the surface modification technology using laser which can form thick modified surface layers can be considered as a method of obtaining the wear resistance under high loading condition. 7) Surface modification using laser has been carried out with various materials. However, application examples of surface modification of magnesium alloys using laser are still few. [8] [9] [10] [11] In previous researches, the authors have shown clearly that wear resistance is improved by distributing ceramic particle in the matrix of magnesium. 12, 13) However, the wear of the pin became intense in the case where the difference of the hardness value of the ceramic particle and the pin material is large. Therefore, the injection of a minimum necessary amount of ceramic particles was considered. Furthermore, the surface modification of AZ91D magnesium alloy by laser alloying using a powder injection method has been carried out. Silicon powder, which easily reacts with molten magnesium and forms hard Mg 2 Si compound, was used as the feeding powder. 14, 15) However, some unreacted silicon existed in the modified layer at high powder feeding rates because the melting point of silicon is high. Increased heat input by laser promoted the reaction of silicon with molten magnesium, but hard and brittle Mg-Al intermetallic compounds crystallize so much in the matrix. Consequently, the Mg 2 Si compound flakes and drops out easily and the wear depth of the modified layer increases by ternary abrasive wear.
In this study, the surface modification of pure magnesium by laser alloying using a powder injection method with silicon powder as the feeding powder was carried out, and the wear resistance of the modified layer is evaluated. Then the result is compared with that obtained when AZ91D was used as the substrate material.
Experimental Procedure

Powder injection method and laser power condition
In this study, the substrate material was magnesium of 99.97% purity, and specimens of 140 mm length, 17 mm width and 15 mm thickness were used. The feeding powder was silicon powder of 99.99% purity and 10-45 mm particle size. In order to raise the laser absorption ability of the substrate material, sandblast treatment was carried out before laser alloying. Figure 1 shows a schematic illustration of laser alloying by powder injection method. Laser alloying was carried out with a maximum 5.5 kW continuous wave CO 2 laser to produce single clad tracks. The silicon powder was supplied by the powder feeder using argon gas of 10 lÁmin À1 as the carrier gas. The silicon powder is melted by laser as it is thrust into the molten substrate by the gas pressure. Then the silicon fuses with the molten substrate to form the modifying layer. Table 1 shows the laser irradiation conditions. The powder feeding rate was controlled by the rotating speed of a turntable in the powder feeding equipment and it was varied from 4.3-10.5 mm 3 Ás À1 . The applied laser power conditions were 2.0 kW-1pass and 2.0 kW-2pass. The defocusing length was 30 mm and the heat input by laser was 102 JÁmm À2 . The moving speed of the substrate was 8.3 mmÁs À1 in all the cases. These laser alloying conditions and powder feeding rates were chosen based on the results of our previous studies. [12] [13] [14] [15] 
Evaluation of macro-and microstructure
The structural evaluation of modified layers was carried out by macro-and microstructure observation using optical microscope, while the identification of crystallized phases was done by X-ray diffraction analysis. The average particle size, amount and area fraction of Mg 2 Si compound were determined using a digital image processor.
Wear test
The wear resistance of modified layers was evaluated by conducting pin-on-plate type sliding test illustrated in Fig. 2 . The test was carried out in air with lubricating oil, under an axial load of 49 N, and a stroke of 50 mm for 3.6 ks. The total friction distance was 600 m. Before sliding wear test, about 0.2-0.3 mm of the rough surface of the substrate was ground off and polished in order to obtain a smooth surface with a average roughness of 0.01 mm. The pin material was Crcoated FC250 cast iron with a cross sectional diameter of 8 mm, and the radius of curvature at the pin tip is 20 mm. The wear resistance of the modified layers was determined by measuring average wear depth and maximum wear depth of both the specimen surface and the pin. After sliding wear test, the microstructures and the profiles of the tested surfaces were observed using a laser scanning microscope.
Results and Discussion
3.1 Macro-and microstructures of the modified layer Figure 3 shows outer appearances of samples produced under each laser power condition. A modified layer with a constant width of about 4 mm is formed along the moving direction of the substrate in both laser power conditions. Macro-and microstructure observation of the modified layers were carried out using optical microscope. The observed plane was a cross-section of the modified layer cut vertically to the sample moving direction. Figures 4 and 5 show the macro-and microstructures of cross sections of the modified layers. Under laser power condition of 2 kW-1pass, the size of the modified layer increases with an increase in the powder feeding rate because large amount of silicon powder melted by laser irradiation thrust into the molten magnesium pool. At a powder feeding rate of 4.3 mm 3 Ás À1 , particles of Mg 2 Si compound crystallize as a primary phase and an eutectic compound with magnesium solid solution ((Mg)) in the whole modified layer. Moreover, the primary Mg 2 Si phase is mostly located near the modified layer surface. In the lower part of the modified layer, it becomes long and slender and is extended downward. At a powder feeding rate of 6.3 mm compound is a little finer compared to powder feeding rate of 4.3 mm 3 Ás À1 . At a powder feeding rate of 10.5 mm 3 Ás À1 , the microstructure is same as that of 6.3 mm 3 Ás À1 . The surface morphology of the modified layer becomes rough and the central part protrudes out. Under laser power condition of 2 kW-1pass, Mg 2 Si compound is distributed heterogeneously and its particles aggregate in the modified layer. Furthermore, the size of the particles of Mg 2 Si compound varies considerably. In the lower part of the modified layer, cracks are also observed and such cracks depend on the volume contraction of the modified layer at the time of cooling.
In order to obtain a homogeneous layer instead of the heterogeneous structure observed under laser power condition of 2 kW-1pass, the modified layer was re-irradiated using only laser. The microstructure of the obtained modified layer is shown in Fig. 5 . The modified layer obtained using 2 kW2pass is thicker than that of 2 kW-1pass at all powder feeding rates. At the powder feeding rate of 4.3 mm 3 Ás À1 , fine and homogeneously distributed Mg 2 Si compound crystallize in the whole modified layer, and the structure of the modified layer is improved compared to 2 kW-1pass. At the powder feeding rates of 6.3 mm 3 Ás À1 and 10.5 mm 3 Ás À1 , although fine particles of Mg 2 Si compound are observed from the modified layer surface to the central part, the lower part of the modified layer is heterogeneous. Moreover, Mg 2 Si compound is finely and homogeneously dispersed, and the size of the particles becomes almost uniform. Figure 6 shows X-ray diffraction patterns of the modified for the two laser power conditions. The analyzed plane is about 0.2-0.3 mm in depth from the modified layer surface and it corresponds to the wear testing surface shown in Fig. 2 . The modified layer consists of (Mg) and Mg 2 Si compound in both cases. Similar diffraction patterns are obtained for all the investigated specimens. Figure 7 shows the average particle size and the amount of Mg 2 Si compound observed on the modified layer surface of the sliding test specimen as a function of the powder feeding rate. Three points on the modified layer surface were measured and the total measured area is 0.8 mm 2 . Image processing technique was used for the analysis. In samples produced under the laser power condition of 2 kW-1pass, the amount of Mg 2 Si particles increases with increasing powder feeding rate. At the powder feeding rate of 10.5 mm 3 Ás À1 , the amount of Mg 2 Si particles is about two times that of the powder feeding rate of 4.3 mm 3 Ás À1 . The average particle size of Mg 2 Si compound tends to decrease with increasing powder feeding rate as shown in Fig. 7(a) . In the case of the sample produced under the laser power condition of 2 kW2pass, the amount of Mg 2 Si compound decreases with increasing powder feeding rate as shown in Fig. 7(b) . On the other hand, the average particle size of Mg 2 Si compound does not change significantly. Figure 8 shows the hardness distribution of the modified layer cross-section of samples obtained using various powder feeding rates. The result [13] [14] [15] obtained for AZ91D alloy as a substrate material is also shown for comparison. Under the laser power condition of 2 kW-1pass, the hardness value of the region near the surface is approximately 130HV0.2-160HV0.2 higher than untreated magnesium at each powder feeding rate as shown in Fig. 8(a) . At the powder feeding rate of 4.3 mm 3 Ás À1 , although maximum hardness value is 173HV0.2 near the surface, the hardness value at a depth of approximately 0.8 mm is 32HV0.2, which is about the same as pure magnesium. At the powder feeding rate of 7.7 mm 3 Ás À1 , the maximum hardness value is 188HV0.2 near the surface, but at a depth of approximately 0.8 mm it decreases to 30HV0.2, which is also about the same as pure magnesium. The reduction of hardness value in terms of the depth from the surface becomes more gradual with increasing powder feeding rate, and at the powder feeding rate of 10.5 mm 3 Ás À1 , hardness value of the modified layer is still about 80HV0.2 at a depth of approximately 1.8 mm. However, the hardness value does not necessarily decrease at a fixed rate in terms of the depth of the modified layer. This is because the microstructure of the modified layer is heterogeneous as shown in Fig. 4 .
Hardness of the modified layer
In the case of laser power condition of 2 kW-2pass shown in Fig. 8(b) , the hardness value of the region near the surface is slightly lower compared to 2 kW-1pass, except that of the sample obtained using powder feeding rate of 10.5 mm 3 Ás À1 , which is extraordinarily high at about 450HV0.2. Furthermore, the hardness value decreases gently as the depth of the modified layer increases. This is because the microstructure is almost homogeneous from the surface to a reasonable depth as shown in Fig. 5 . The hardness value of the modified layer obtained using the powder feeding rate of 10.5 mm 3 Ás
À1
is quite high at the region close to the surface, because Mg 2 Si compound crystallized densely in that region as shown in Fig.  5(g) . Generally, the hardness of the modified layers obtained with pure magnesium as the substrate is lower than that of the modified layer obtained using AZ91D alloy as the substrate. 
Improvement of Wear Resistance of Magnesium by Laser-Alloying with Si
This is likely due to additional presence of Mg-Al compounds formed in the modified layer of AZ91D alloy substrate. [13] [14] [15] 3.3 Evaluation of wear resistance 3.3.1 Wear depth of modified layer Figures 9 and 10 show the relationships between wear depth and powder feeding rate as well as the change in area fraction of Mg 2 Si particles on test surface of the modified layers with powder feeding rate. As shown in Fig. 9 , under laser power condition of 2 kW-1pass, the area fraction of Mg 2 Si compound is about 35% at the powder feeding rate of 4.3 mm 3 Ás À1 and it increases proportionally with increasing powder feeding rate. Although the maximum wear depth of the modified layer is 6.6 mm at the powder feeding rate of 4.3 mm 3 Ás À1 , it decreases with increasing powder feeding rate, and it is 0.6 mm at the powder feeding rate of 10.5 mm 3 Ás À1 . This shows that the high area fraction of Mg 2 Si compound increases the wear resistance of the modified layers. However, the average wear depth of the pin is almost zero at all powder feeding rates, and its maximum wear depth is just about 0.5 mm.
In the case of laser power condition of 2 kW-2pass, the average wear depth of the pin is also small and it is about 0.1 mm, while the maximum wear depth is 0.7 mm as shown in Fig. 10 . This figure also shows that the area fraction of Mg 2 Si compound is almost constant and both the average wear depth and the maximum wear depth do not also show any significant change as the powder feeding rate increases. A comparison of the two laser power conditions shows that at low powder feeding rates the wear resistance of the modified layers obtained using 2 kW-2pass is better than that of the modified layers obtained using 2 kW-1pass. On the other hand, at high powder feeding rates, the wear resistance of the modified layers obtained using 2 kW-1pass tend to be better. The above results show that substantial improvement of wear resistance of pure magnesium is obtained by laser alloying with silicon powder using laser power of 2 kW-1pass or 2 kW-2pass and a suitable powder feeding rate. Furthermore, the wear resistance of the modified layers of pure magnesium investigated in this study is much better than that of modified AZ91D alloy. This shows that although the hardness value of the modified layers of pure magnesium are smaller than those of modified AZ91D alloy, they exhibit higher wear resistance. From this result, it can be said that wear resistance is related more to the area fraction of Mg 2 Si compound held in the soft matrix rather than the hardness of the modified layers. The reason for the good wear resistance of the modified layers is discussed below. Figure 11 shows the microstructure of sample surfaces after sliding wear test. In specimens of modified layers obtained using laser power of 2 kW-1pass, heterogeneous microstructures are observed, and wear marks are observed mainly in the matrix. In the case of laser power of 2 kW2pass, fine particles of Mg 2 Si compound are dispersed homogeneously on the wear test surface. The wear marks are parallel to reciprocating direction of the pin material. The trace of flaking and dropping out of Mg 2 Si particles that have occurred during sliding wear testing of the laser-alloyed AZ91D 16) is not observed in all of the investigated samples. This is because the modified layer of the pure magnesium substrate does not include the brittle Mg-Al intermetallic compounds that causes the flaking. As a result, Mg 2 Si compound is held firmly in the matrix, and the wear action of the pin was effectively controlled. Therefore, the wear mode is considered to be dual abrasive wear. Figure 12 shows the microstructure and depth profile of the modified layer surface obtained using laser power of 2 kW-1pass and powder feeding rate of 5.3 mm 3 Ás À1 observed after sliding wear test. The gray portion is Mg 2 Si compound, while the black portion is worn (Mg) matrix. The depth profile of line A-A 0 shown in Fig. 12(a) was measured and the result is shown in Fig. 12(b) . The matrix portion is found to be lower than that of Mg 2 Si compound. Thus, the abrasive loss of the matrix is higher than that of Mg 2 Si compound because it is softer than the Mg 2 Si compound. However, this abrasive loss of the matrix results in the development of micro pits that serve as oil pockets during the later period of the sliding wear test. It is thought that the oil pockets provide additional lubrication, thereby cushioning the wear effect of the pin, and the pin is also protected in the process. Figure 13 shows the changes in the coefficient of friction between the pin and the sample obtained using laser power of 2 kW-1pass and powder feeding rate of 5.3 mm 3 Ás À1 . The data for AZ91D is also shown for comparison. At the start of wear test, the coefficient of friction is high. However, after a few minutes it decreases rapidly to the friction coefficient of about 0.05 and then remains constant throughout the test duration. The decrease of the coefficient of friction observed in Fig. 13 occurs because as the matrix is worn by the pin at the initial stage, pits which subsequently serve as oil pockets are developed as shown in Fig. 12 . As a result, the oil pockets become sources of lubrication and the coefficient of friction is reduced in all of the investigated samples, leading to good wear resistance. AZ91D alloy exhibits the same tendency at the initial stage, but the value of the coefficient of friction is higher because the Mg-Al and Mg 2 Si compounds pulled out lead to ternary abrasive wear at the later stage.
Coefficient of friction
Conclusions
The surface modification of pure magnesium was carried out by CO 2 laser alloying using a powder injection method with silicon powder in order to improve its wear resistance. The obtained results are summarized as follows;
(1) A heterogeneous microstructure is observed in the modified layer obtained using 2 kW-1pass. However, under laser power condition of 2 kW-2pass, fine particles of Mg 2 Si compound are homogeneously and densely distributed. (2) The hardness value of the modified layers is higher than pure magnesium in all cases. With laser power condition of 2 kW-1pass, the variation of hardness value in terms of modified layer depth is large. However, in laser power condition of 2 kW-2pass, the variation of hardness value is little and hardness value in terms of depth of modified layer decreases gently. (3) Wear resistance of laser-alloyed magnesium is improved greatly because Mg 2 Si compound is held firmly in the elastic matrix.
(4) From the depth profile of the modified layer surface after sliding wear test, the matrix part plays a role of oil pocket after the initial stage of wear. These oil pockets contribute to the reduction of coefficient of friction. (5) Although the hardness of the modified layer of pure magnesium substrate is very low compared to that of AZ91D alloy substrate, wear properties of the modified layer obtained using the pure magnesium substrate are significantly improved. From this result, it is found that wear resistance strongly depends on both the area fraction of Mg 2 Si compound and ability of the substrate to hold the hard particles rather than the hardness value. 
